A pan-virus DNA microarray (Virochip) was used to detect a human metapneumovirus (hMPV) strain associated with a critical respiratory tract infection in an elderly adult with chronic lymphocytic leukemia. This infection had previously eluded diagnosis despite extensive microbiological testing for possible etiologic agents. The patient's hMPV strain did not grow in viral culture, and only one of five specific reverse transcription-PCR assays for hMPV was positive.
adenovirus, influenza A and B viruses, and parainfluenza virus types 1, 2, and 3. The patient was given nasal oxygen and started on ceftriaxone and azithromycin for presumed community-acquired pneumonia.
Despite these interventions, the patient continued to deteriorate clinically and, by hospital day 7, was intubated for progressive respiratory distress. A bronchoscopy with bronchoalveolar lavage (BAL) was performed. The patient's antibiotic coverage was expanded empirically to imipenem, linezolid, liposomal amphotericin, and azithromycin.
Extensive diagnostic testing for an infectious agent was negative. These studies included bacterial, acid-fast bacillus, and fungal cultures on blood, sputum, and BAL fluid, stains and cultures for Pneumocystis jiroveci, urine Legionella antigen, serum Cryptococcus antigen, urine Histoplasma antigen, and buffy coat examination with Wright-Giemsa and Gomori methenamine silver stains, as well as coccidioidomycosis, histoplasmosis, Mycoplasma, and Chlamydia antibody titers. Viral cultures of the BAL fluid and a nasopharyngeal aspirate failed to identify a virus by hemadsorption or cytopathic effect, despite incubation for up to 21 days using five permissive cell lines (two rhesus monkey kidney cell lines, two human fibroblast cell lines, and a continuous A549 human alveolar epithelial cell line). Shell vial cultures for RSV, influenza A virus, and cytomegalovirus were negative. No cytomegalovirus DNA was detected by PCR analysis of BAL fluid or blood. DFA testing of the BAL fluid for RSV, influenza A and B viruses, parainfluenza virus types 1, 2, and 3, and adenovirus was negative. Bone marrow biopsy and flow cytometric analysis of the patient's peripheral blood cells failed to reveal evidence for prolymphocytic or Richter's transformation to acute leukemia; also consistent with this was a normal serum immunoglobulin G (IgG) level of 875 mg/dl.
Informed consent for microarray analysis was obtained under protocols approved by the Stanford University Institutional Review Board (IRB) committee. The patient's BAL fluid at hospital day 7 was flash frozen in liquid nitrogen and stored in a sterile container for analysis using the Virochip, a DNA microarray bearing the most conserved sequences of all known viruses (NCBI GEO, platform GPL3429, series GSE6214) (4, 21) . RNA extracted from the specimen was amplified, labeled, and hybridized to the array as previously described (4) . Analysis of the microarray hybridization using the E-Predict analysis tool (17) revealed a pattern consistent with infection by human metapneumovirus (hMPV). Surprisingly, initial testing with four clinically validated reverse transcription-PCR (RT-PCR) assays performed on the same BAL specimen using hMPV-specific primers, including one assay in a real-time PCR format, was negative (8, 11, 14) . This suggested the possibility that the patient might be harboring a divergent hMPV isolate.
To explore this possibility, the 70-mer oligonucleotide probe on the microarray with the highest hMPV intensity, derived from the nucleoprotein capsid gene of hMPV, was selected.
The nucleoprotein capsid gene sequences from five hMPV strains spanning the four different subgroups were downloaded from GenBank and aligned in parallel with the oligonucleotide probe by using ClustalW (16) . This multiple sequence alignment was used to design a "spiked" degenerate primer, MPVN-Stf3-f. The "spiked" primer was then employed in conjunction with a random amplicon library derived from the patient's sample to amplify a 450-bp viral fragment that was sequenced and found to share 96% identity with a recently characterized hMPV isolate from Japan (6). Additional sequencing of the complete nucleoprotein and fusion genes of hMPV by primer walking confirmed that the patient's isolate was indeed hMPV, with base mismatches in the primers used to detect hMPV likely responsible for the failure of the previously performed RT-PCR assays (Table 1) . However, subse-FIG. 1. Chest imaging of the patient. A chest X ray taken on admission shows bilateral reticulonodular infiltrates and a right-lower-lobe consolidation (A), while a computed tomography scan (representative slice) (B) reveals in addition a bilateral "tree-in-bud" pattern consistent with a diffuse bronchiolitis. a The patient's bronchoalveolar lavage sample was tested by RT-PCR for hMPV using 5Ј clinically validated primer sets. All failed, with the exception of primer set MPVN-F1-FAM/MPVN-R1 from Falsey et al. (8) . Base mismatches relative to the patient's hMPV strain in the primer sequences used to detect hMPV are underlined. The nucleotide positions shown are relative to the genomic sequence of hMPV strain 00-1. , did detect hMPV. Phylogenetic analysis revealed that the patient's hMPV strain was a divergent member of subgroup 1B (Fig. 2 ). An indirect immunofluorescence assay for hMPV showed a strongly positive hMPV-specific IgG titer of 1:1,028 on hospital day 3 (day 13 after onset of symptoms), with a further eightfold increase in antibody titer over the next 2 weeks. By the time the diagnosis of hMPV was confirmed, the patient was slowly recovering with aggressive supportive care in the intensive care unit and therefore was not treated with antiviral drugs despite a vigorous discussion of the risks and benefits involved. He received more than 2 weeks of empirical antibiotic treatments for bacterial and fungal pathogens and was discharged, after 3 weeks in the hospital, in stable condition.
The differential diagnosis for an immunocompromised patient presenting with a severe community-acquired respiratory illness is broad. Although many such cases are bacterial in origin, consideration must be given to infection by atypical organisms, including endemic or opportunistic fungi, mycobacteria, and viruses. The exposure history suggested histoplasmosis, coccidioidomycosis, or hantavirus as unlikely but possible atypical etiologic agents. Given the patient's history of CLL with high lymphocyte count, pulmonary leukostasis was also a consideration. However, his clinical picture of fever and bronchiolitis was much more consistent with an infectious process, as was the history of concomitant respiratory illness in several of his fellow travelers.
Community-acquired infections caused by respiratory viruses have been associated with pneumonia and death in immunocompromised individuals (3, 5, 9, 10) . In normal adult hosts, viruses such as RSV, influenza virus, rhinovirus, and coronavirus are typically associated with benign, self-limited upper respiratory tract symptoms, such as sore throat, cough, and fever. In immunocompromised patients, however, these same viruses have been associated with life-threatening lower respiratory tract infections, such as bronchiolitis and pneumonia (3, 5, 9) . The duration of viral shedding can be prolonged in immunocompromised patients as well, with a mean duration of 16 days (range, 1 to 30 days) in one study of RSV infections in bone marrow transplant recipients (10) . Thus, it is not surprising that the case patient's hMPV was still detectable at day 17 after onset of symptoms.
hMPV is a novel RNA virus that was discovered in The Netherlands in 2001 (12, 19) . Although thought to be primarily a disease of childhood (with nearly 100% seroprevalence by the age of 5 years), hMPV has recently been linked to severe respiratory infection in elderly and immunocompromised individuals (1, 8, 20) . There have been several reported deaths associated with hMPV infection, all in immunocompromised patients (2, 7, 13, 15) . The diagnosis of hMPV infection is problematic, as the virus is difficult to isolate from routine cell culture lines (20) . RT-PCR examination of respiratory secretions is currently the clinical test of choice to reliably diagnose hMPV infection (20) , yet there is currently no consensus on the optimal primer set for hMPV detection. As shown here, the sensitivity of RT-PCR may vary depending on which primer set is selected or which gene is targeted. An RT-PCR assay may also lack sensitivity due to base pair mismatches in the primer sequences. Immunofluorescence is an alternative means to diagnosing hMPV infection, but it has not yet been adopted for clinical use (11, 15) .
We have previously described the development of the Virochip, a pan-virus microarray platform that is capable of simultaneous detection of known as well as novel viruses in a single assay (4, 21) . The Virochip is currently a research tool, and several issues must be addressed before it can be used on a routine basis for clinical virus detection. These issues include cost, accuracy, reproducibility, and sensitivity/specificity for virus detection in comparison with traditional laboratory tests such as culture, DFA, and specific PCR; research in these areas is ongoing. Nevertheless, in the diagnosis of patients with unexplained critical respiratory illness, the Virochip offers several potential advantages over conventional methods. Unlike PCR, the Virochip assay uses sequences derived from multiple genomic regions, rather than a single conserved region, for detection, and the use of 70-mer oligonucleotides on the array allows better tolerance of sequence mismatches than the shorter sequences employed as primers in RT-PCRs, resulting in improved detection of divergent or novel virus strains (18, 22) . The Virochip is also a comprehensive detection platform that does not rely on a priori knowledge of the specific viral pathogen to be detected.
In summary, a pan-virus microarray, the Virochip, was used to detect an hMPV strain associated with a critical respiratory illness that was not detected by viral culture or by the majority of RT-PCR assays tested. Viruses should be considered in the differential diagnosis of critical respiratory illnesses, especially in immunocompromised patients. However, this case illustrates the potential pitfalls of virus-specific PCR for diagnosis, especially given the limited sequences available and inherent sequence diversity for many viruses. It also demonstrates the potential utility of new technologies such as the Virochip in aiding such diagnosis of viral infections in the future. Nucleotide sequence accession numbers. The GenBank accession numbers for the fusion gene and nucleocapsid gene of the patient's hMPV strain are EF088284 and EF088285, respectively.
